Results

RepA bind to ATPγS-assembled ClpA without becoming unfolded, they maintain their fluorescence, enabling detection of the substrate through subsequent steps Chemical Crosslinking Studies
Crosslinking of GFP-Tag Fusion Proteins Bearing
(see Figure 2A ). Because the stable GFP moiety is relatively resistant to LysC and GluC as compared to ClpA, a Photoactivatable Group to ClpA Each of the six identical subunits of the ClpA ring is it was possible to recover proteolytic products via nickel-affinity purification through an N-terminal His 10 composed of three stacked domains, arranged proximal to distal in both primary and tertiary structures as tag on intact GFP. An SDS-PAGE analysis of a representative cross-N domain, AAA+ D1, and AAA+ D2. Loops at the distal surface of the D2 domains form contacts with the coaxlinking and purification is shown in Figure 2B . Crosslinked species the size of GFP-tag substrate + ClpA ially associating protease, ClpP. In order to map where recognition tags become bound to ClpA, we employed (w115 kDa) were observed both by fluorescence of the GFP moiety and also directly by Coomassie staining. a crosslinking strategy, placing the bifunctional photoactivatable crosslinker, PEAS (N-((2-pyridyldithio)ethyl)-These were only obtained when the tag was present (compare "no tag" in fluorescence and Coomassie 4-azidosalicylamide), directly onto a cysteine residue substituted within or immediately adjacent to the tag in analyses), indicating specificity of the tags in recruiting the respective substrates to ClpA. While multiple discrete fusion proteins joining the stable β barrel protein GFP with either the ssrA sequence or the first 15 residues crosslinked products were observed (right-hand lanes), these are likely to be multiple folded conformers of the of RepA ( Figure 1A ). Such fusion proteins have been previously observed using fluorescence measurements crosslinked species as opposed to products of different masses because when the crosslinked products were to be efficiently unfolded by ClpA in the presence of ATP and also to be rapidly degraded if ClpP is present, examined by HPLC/MS, only one mass was observed (not shown). The step of nickel-affinity purification rereflecting the behavior of bone fide substrates (WeberBan et al., 1999; Hoskins et al., 2002). In a further set moved a large percentage of the ClpA subunits that had failed to become crosslinked, theoretically >80% of experiments, the PEAS crosslinker was placed onto cysteine residues substituted into the solvent-exposed because the stoichiometry of binding of the substrate appears to be one GFP-ssrA per hexamer ( Figure 2B ; surface of the GFP "body" portion of these fusion proteins ( Figure 1B) Figure 1A ). Crosslinked ClpA subunit was recovered by nickel-affinity and MonoS chromatography. LysC proteolysis was then carried out, followed by nickel-affinity chromatography to recover intact GFP-ssrA crosslinked to a proteolytic fragment of ClpA. An aliquot was subjected to HPLC/MS analysis. Because the GFP moiety has an accessible glutamate, further proteolysis by GluC produced a crosslinker-bearing proteolytic fragment cleaved not only in the ClpA portion but also in the GFP portion. Aliquots were analyzed by HPLC/ MS both without and with reduction by TCEP. (B) Representative gel analysis of crosslinking (xl) and purification steps, detected by fluorescence and protein staining (Coomassie). Without photolysis (no xl) or in the absence of the recognition tag on GFP (His-GFP in Figure 1A ), no crosslinked products were observed (left three lanes in each panel, "no tag"). In its presence (right three lanes, "tag"), multiple crosslinked species were observed, presumed to represent multiple conformations of a single species identified by mass spectrometry (see text). Note that to maintain the crosslinks and the GFP fluorescence, no reductant was present in the SDS sample buffer, and the samples were not heated before loading. GFP fluorescence on the gel was detected by a Storm Phosphorimager in the blue fluorescence mode. GluC peptides from the N domain of ClpA coupled to stitutions V530D, I534C, and I534D, while R532A and I534A were without effect ( Figure 5B and Table S1 ). In PEAS. These included one predicted to contain the N this less severe group, V530D exhibited strong reducterminus ( Figure 5D ). For both assays, the results were the S202C substitution gave interpretable results with the same. The loop mutants that had been defective in both tags. For both ssrA and RepA S202C constructs, degradation were defective both in crosslinking to PEAScrosslinks were detected with peptides corresponding GFP-ssrA and in binding λR-ssrA as compared with to LysC-GluC fragments of the N domain, once again wild-type ClpA (e.g., L533D and I534C; see Table S1 ). Degradation of GFP-RepA that had been photocrosslinked by the ssrA region of The D2 loop mutants as well as Y540A were also tested GFP-ssrA was directly involved in recognizing the ssrA for ability to bind GFP-RepA and to mediate its degraelement, a structure-function analysis was carried out. dation in the presence of ATP and ClpP. Using the A series of single amino acid substitutions was pro-PEAS-labeled GFP-RepA substrate ( Figure 1A ) in a duced along the length of the segment, involving both crosslinking reaction with the mutants, we observed in a loop portion that projects into the central channel in all cases a similar extent of crosslinking compared to the homologous p97 ( Figure 4C ) and an α helix portion that with wild-type ClpA ( Figure 5E ). This is consistent (see Figure 5A ). Both alanine substitutions and more with the results of the foregoing crosslinking studies drastic substitutions to acidic character were made, the that mapped recognition of the RepA tag to the N dolatter potentially able to produce charge-charge repulmains, distant from the D2 loop. Despite such normal sion with the acidic (D 4 -E 5 ) region of the ssrA element binding, the D2 loop mutants were unable to degrade (see Figure 1A) . GFP-RepA in the presence of ATP and ClpP ( Figure 5F ). After expression and purification, all of the substiThis suggests that the same D2 residues involved with tuted complexes assembled as hexamers in ATP. StrikssrA binding are also involved with binding, unfolding, ingly, none of the five substitutions in the α-helical reand translocation of GFP-RepA after ATP-dependent gion affected GFP-ssrA degradation in the presence of release from its site of initial binding to the N domains ATP and ClpP (Table S1 ), but a number in the loop porin ATPγS. tion did. The most severe substitutions, L533D and G535D, Residues in Channel-Facing Loops of the D1 ATPase completely blocked GFP-ssrA degradation ( Figure 5B) .
Are Also Critical to ssrA Binding and Translocation/ Interestingly, the L533D substitution significantly inhibDegradation of GFP-RepA ited ATPase activity, to w20% of wild-type, whereas
Inspecting the primary structure of the D2 loop segthe G535D substitution had no effect on ATP turnover. ment that had been functionally analyzed ( Figure S4 ), we were struck on one hand by the lack of a correDegradation was also significantly slowed by the sub- ClpA itself lend support to such a direct physical conIn an assay of fluorescence anisotropy of fluoresceintact. We infer that GFP-ssrA occupies a topology while labeled λR, we observed that substitutions that had bound at ClpA that positions the folded GFP moiety blocked ssrA binding also blocked binding of λR (Figaxially inside the N domains, as indicated by both ure 7A). The substitution, Y540A, that had been able to chemical crosslinking from the GFP body ( Figure S2 ) bind but not translocate GFP-ssrA also behaved conand a FRET study ( Figure S3 ), and in this position can cordantly, able to at least partially bind λR ( Figure 7A) extend the flexible C-terminal segment down the chanbut unable to efficiently degrade it when compared with nel past the face of D1 (Figure 8 ). The ssrA tag is relawild-type ClpA (Figure 7B We note, however, that many of the loop substitutions made here had no remote effects on hexameric assembly or ATPase activity (see Table S1 ). The nature of the putative binding site formed by these three loops remains unclear. Perhaps a structure resembling the shallow groove where ssrA binds in SspB ( The D2 loop is 13 residues in size and, in modeled structures, is able to move well proximal in the central is involved. As captured crystallographically, the loop of any given subunit was observed to assume a different channel, up to the level of the D1 domain, but is also able, with putative distal movement, to reach well toposition depending on the bound nucleotide. ATP hy-
